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In this work, abundant and environmentally friendly nano-fibrillated (NFC) cellulose is used for fabrication of porous separator mem-
branes according to the procedure adopted from papermaking industry. As-prepared NFC separators were characterized in terms
of thickness, porosity, wettability, electrochemical stability and electrochemical performance in lithium-sulfur and Li-symmetrical
pouch cells and compared to a commercial Celgard 2320 separator membrane. Results demonstrated that morphology and electro-
chemical performance of NFC separator outperforms the conventional polyolefin separator. Due to exceptional interplay between
lithium metal and cellulose, this research provides a self-standing NFC separator that can be used besides the lithium-sulfur also in
other lithium metal battery configurations.
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Lithium—sulfur (Li-S) batteries are one of the most promising
candidates to couple renewable energy sources for green transporta-
tion and large-scale energy storage - owing to their various desir-
able characteristics including competitive cost, and low environmen-
tal impact.!> Moreover, their theoretical gravimetric energy density
is much higher than that of conventional Li—ion batteries based on in-
sertion electrodes. Despite these advantages, massive implementation
of Li—S batteries remains hindered by various challenges concerning
capacity fading, predominantly due to loss of active material, non-
stable electrochemical interface between lithium metal and different
types of electrolytes and high amount of liquid electrolyte used in
experiments.

Different approaches have been proposed to mitigate the above
mentioned problems. Majority of work was focused on encapsula-
tion of sulfur in different types of meso or micro porous carbon host
matrices, but only with partial success.>> More recently, adsorption
additives become attractive due to possible weak bonding of poly-
sulfides with different heteroatoms and structures.® In order to min-
imize, or even completely avoid dissolution of polysulfides in liquid
electrolytes, novel electrolyte formulations are tested with different
affinity for polysulfide solubility. Sparingly soluble electrolytes’ and
fluorinated ethers®~!? are showing some promising directions, while
partial solubility of polysulfides can still persist as a problem for
long term cycling stability. Much less work has been done on sepa-
rators; i.e. tuning their properties like porosity, tortuosity, compress-
ibility and ion selectivity.!! While the first three parameters can be
tuned by shape and size of pores, ion selectivity is a function of
surface groups. Separator in Li-S batteries is an important part of
the battery configuration since besides its traditional role to elec-
tronically separate two electrodes, it serves as a reservoir for excess
of electrolyte required for Li-S battery operation. Quantity of elec-
trolyte in Li-S batteries plays an important role since higher quan-
tities enable solubilization of intermediate products in form of dif-
ferent lithium polysulfides to a larger extent as well as longer cycle
life since electrolyte is constantly consumed for passivation of the
fresh lithium surface.'>”'* Besides that, separator can act as a barrier
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which can prevent or completely stop polysulfide shuttle with proper
functionalization.'?

Separators are considered as a costly part of batteries due to ex-
pensive raw materials and complicated fabrication technology.'® For
that reason, sustainable and cost effective materials are required and
should be explored. Among different possibilities, cellulose offers it-
self as one of the most abundant and renewable resources on Earth
and it can be obtained in different forms. Besides that, cellulose pos-
sesses outstanding properties such as high dielectric constant, good
chemical stability, and superior thermal stability.!” Cellulose based
separators are considered as electrolyte-philic membranes consider-
ably improving wettability with the electrolyte and with that ionic
conductivity between electrodes.'® Hydroxyl groups in the structure
can be additionally functionalized to adjust surface properties for bat-
tery applications. Anisotropic structure of cellulose based separators
suppresses lithium dendrite formation,'® which was ascribed also to
the excellent electrolyte uptake ability and good electrolyte distri-
bution capability on the surface of metallic lithium.?° Additionally,
by proper selection of the type of cellulose and its structure, sepa-
rators with desired porosity and thickness can be obtained. Liao et
al. described the use of paraffin oil to achieve desirable porosities
in cellulose aerogels.?' Paraffin oil is incorporated between cellu-
lose fibers and it disables intermolecular bonding of cellulose fibers.
Porosities of cellulose membranes can also be tuned by varying the
composition ratio of solvent mixture in cellulose dispersion (alco-
hol/water system).?> Beside the use of cellulose for the manufacture
of battery separators, the attention of scientists has recently been
drawn by the production of all battery components made of cellulosic
materials.?>?*

In this contribution we show electrochemical performance of sepa-
rators prepared from nanofibrillated cellulose (NFC). NFC separators
were prepared by laydown method using dispersion of NFC with
paraffin oil stabilized by surfactant. Separators with different load-
ings of cellulose fibers and thicknesses were tested in the Li-S battery
configuration. It was demonstrated that cellulose based separators im-
prove capacity retention in Li-S batteries and much slower metallic
lithium anode degradation was observed. The latter was studied by
XPS, FIB-SEM and impedance spectroscopy, which confirmed lower
degree of lithium degradation as a result of formation of stable passive
film enriched with many oxygen moieties.
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Experimental

Materials.—Nanofibrillated cellulose (NFC) hydrogel (W epyiose =
3 wt%) was supplied from University of Maine, USA. Lithium
bis(trifluoromethane) sulfonimide (LiTFSI; 99.0%), tetraethylene
glycol dimethyl ether (TEGDME; 99.0%), 1,3-dioxolane (DOL,
99.8%, 75 ppm BHT as inhibitor), surfactant Brij C-10, polyvinyli-
dene fluoride (PVdF), multi-walled carbon nanotubes (MWCNT),
N-methylpyrrolidone (NMP), n-butanol (99.9%), and LP30 elec-
trolyte (1.0 M LiPFs in EC:DMC (1:1, in volume); battery grade)
were purchased from Sigma-Aldrich. LiTFSI was additionally dried at
140°C in vacuum oven under reduced pressure over night, TEGDME
and DOL were additionally dried using molecular sieves, Na/K al-
loy, and distillation. Other chemicals were used without any further
purification. Lithium foil (FMC, 110 pm), ENSACO 350G carbon
(IMERYS), sulfur (99.5%, Honeywell), n-hexane (95.0%, Merck),
acetone (99.5%, Merck), and paraffin oil (PharmaChem) were of
analytical grade and were used as received without any further
purification.

Preparation of nanofibrillated cellulose separators.—Controlled
amount of NFC hydrogel was dispersed in 0.2 wt% Brij C-10 surfac-
tant solution and ultrasonically treated for 1 h to form 5 mg mL~!
NFC dispersion. Then 1 mL of paraffin oil (PO) per 100 mL of cel-
lulose dispersion was added and dispersion was stirred vigorously for
3 h to obtain homogeneous NFC/PO dispersion. Different amounts of
as-prepared dispersion were casted on the polyethylene petri dishes
and dried at 50°C to remove solvent in order to obtain membranes
with different thicknesses. Membranes were then punched into circu-
lar discs with a diameter of 18 mm and placed in hexane to extract
paraffin oil and surfactant. After extraction, membranes were washed
thoroughly with acetone and ethanol and dried in vacuum oven under
reduced pressure at 180°C for 4 days before characterization. For the
measurements of thicknesses of prepared membranes we used Garant
external micrometer (DIN 863). The final thicknesses of NFC separa-
tors varied from 31 to 64 pm. A commercial separator (Celgard 2320;
PP/PE/PP, thickness = 20 wm) was chosen as a control sample.

Characterization

Characterization of separator membranes.—The surface mor-
phologies of NFC membranes were analyzed using a field emission
scanning electron microscope (FE SEM; Supra 35 VP, Carl Zeiss).
Samples were sputter coated with platinum (Pt, 80 s, 6 nm; Gatan
682 Precision Etching and Coating System (PECS)) and exposed to
an accelerating voltage of 1.5 kV.

The porosity of separators was estimated by immersing them in
n-butanol for 1 h. Separator porosities were then calculated using the
equation:

Porosity = (mw — mp) /ps * Vm * 100%,

where myy is the weight of fully soaked membrane, myp, is the weight of
dry membrane, pg is the density of n-butanol, and V) is the apparent
volume of the membrane sample.

To assess the wettability of separators, contact angle between sep-
arators and liquid electrolyte (1.0 mol L~! LiTFSI in a solvent mixture
of TEGDME and DOL (1:1, in volume)) were measured using Theta
Optical Tensiometer.

To investigate water content in cellulose, NFC membranes were
first dried at 60°C in vacuum oven over night, and then transferred in
Ar filled dry box (O, < 1.0 ppm, H,O < 1.0 ppm). Approximately
2 mg of NFC membranes were accurately weighed, put in a glass vial,
and dried in vacuum oven inside the dry box at different temperatures
(105°C and 180°C) for different time periods. After drying, 2 mL of
1,3-dioxolane (ultra-dry; H,O content < 1.0 ppm) were added to each
NFC sample. Samples were incubated for a week inside the dry box.
Water in 1,3-dioxolane was determined using coulometric Karl-Fisher
titration.
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To evaluate the thermal properties of the nano-fibrillated cellulose
separator membranes, thermal analyser (NETZSCH STA 449F3) was
used. Samples were scanned from 40°C to 900°C at a heating rate of
10°C/min under Ar atmosphere.

Post-mortem characterization of lithium metal electrodes.—XPS
analyses were performed with a Kratos Axis Ultra-spectrometer using
focused monochromatized Al Ka radiation (hv = 1486.6 eV). To
prevent exposure of lithium electrodes to moisture/air, all samples
were packed and stored in argon-filled dry box. Before XPS analysis,
all samples were washed with DOL (less than 0.4 ppm of water
content), to reduce the amount of salt on the surface of the sample. The
spectrometer was calibrated using the Ag 3ds,, photoemission peak at
368.3 eV with a full width at half-maximum (FWHM) of 0.58 eV and
each photoemission spectrum was recorded with constant pass energy
of 20 eV. The pressure in the analysis chamber was around 5 x 10~°
mbar and the analyzed area of the samples was 300 x 700 pwm?.
Short-scan spectra were measured before and after the usual long-
scan experiment in order to check for possible degradation of lithium
samples due to X-ray exposure. The binding energies were calibrated
from the hydrocarbon contamination using the C 1s peak at 285 eV.
The peaks were quantified on the basis of Scofield’s relative sensitivity
factors.

Focused ion beam — scanning electron microscope (FIB — SEM
Helios Nanolab 650i) was used for post-mortem cross — sectional anal-
ysis of lithium metal electrodes. The surface of lithium electrode was
first protected with in situ deposited platinum to prevent a curtaining
effect. Platinum on lithium samples was deposited in two steps. In the
first step, the electron-beam assisted platinum deposition was used.
The deposition was performed at 2 kV of accelerating voltage and at
a current of 0.4 nA for 30 min. The thickness of deposited layer was
around 300 nm. In second step, faster ion-beam was used to deposit
the remaining thickness. The deposition was achieved at 30 kV of ac-
celerating voltage and at current of 0.43 nA for 20 min. The thickness
of deposited layer was around 500 nm. All samples were prepared
in an argon-filled dry box and transferred into the microscope under
argon atmosphere.

Electrochemical characterization.—The sulfur electrodes for
electrochemical measurements were prepared by conventional slurry-
casting method with a doctor blade applicator. Sulfur/ENSACO 350G
composite was obtained by ball milling sulfur (66.7 wt%) and EN-
SACO 350 G carbon (33.3 wt%) at 300 rpm for 30 min. So prepared
mixture was consequently heated to 155°C for 5 h with a 0.2°C min~!
heating ramp under argon flow. The cathode slurry was prepared by
mixing 80 wt% sulfur/ENSACO 350G carbon composite, 10 wt%
MWCNT, and 10 wt% PVdF binder in NMP with ball milling (30
min, 300 rpm). The slurry was then cast onto carbon coated alu-
minum foil using doctor blade (250 um) and dried at 50°C overnight.
The cathodes were then punched into round discs with a diameter of
14 mm and stored in an argon filled dry box before use. The sulfur
loading varied from 1.0 to 1.5 mg cm™2.

In order to investigate electrochemical stability of NFC separa-
tor, cyclic voltammetry experiment was performed on a working sul-
fur electrode and a counter lithium foil electrode at a scan rate of
0.1 mV s~!. Further evaluation was carried out using different elec-
trolytes and cyclic voltammetry experiment performed on a stainless-
steel working electrode with lithium counter electrode at a scan rate
of 0.1 mV s~!. To examine Li metal stability during Li stripping/
deposition, Li|separator|Li cells with two different separators were
assembled. Tests were conducted at a current density of 0.5 mA cm™2,
using 20 pL of electrolyte. The first two cycles were 4 h long (areal
capacity of 2 mAh cm™2), all the others cycles lasted for 2 h (areal
capacity of 1 mAh cm™2).

Alternating current (AC) impedance measurements (VMP3,
Bio-Logic) were done on Li symmetrical cells. After assembly of
the cells, they were left for 24 h in order to stabilize the passive layer
growth. During this time, EIS measurements in the range of 1 MHz
to 1 mHz were measured. After determination of EIS contributions

Downloaded on 2019-04-01 to IP 193.55.218.31 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Society, 166 (3) A5237-A5243 (2019)

Table I. Properties of NFC separators used in our study compared
to Celgard 2320 separator.

Real mass

Sample [mg cm™2] Thickness [pum] Porosity [%]
NFC_15PO 1.50 +0.04 33+2 44 £2
NFC_20PO 1.84 4+ 0.06 42 +1 47 £ 1
NFC_25PO 2.38 +0.05 49+2 51+1
NFC_30PO 2.98 +0.06 62 +2 57T+1
NFC_20 2.0+0.2 28+3 6.0 £ 0.5
Celgard 2320 1.14 £ 0.04 20.0+04 42+3

on fresh stabilized cells, the experiments were continued at different
steps during the stripping and deposition experiment. After each cycle
of stripping and deposition, the current was stopped for 15 minutes
and EIS spectra were measured with 10 mV (RMS) amplitude in the
frequency range from 1 MHz to 1 mHz. To ensure comparable dif-
fusional lengths, two Celgard 2320 separators were used in the cell
employed for comparison.

To evaluate cycle performance of separators in the Li—S batteries,
pouch-bag cells were assembled. The cells were cycled galvanostati-
cally between 3.0 and 1.5 V at a fixed charge/discharge current density
of 0.1 C (1 C = 1672 mA g~!) (MPG-2, Bio-Logic). The electrolyte
quantity was normalized to 20 wL mg~! of sulfur. To explore C rate
capability, discharge current densities were varied from 0.05Cto 1 C
(MPG-2, Bio-Logic).

All battery cells were assembled in an argon-filled dry box (O, <
1.0 ppm, H;O < 1.0 ppm). Sulfur cathode and lithium foil (14 mm
in diameter) were separated with Celgard 2320 or NFC membrane
which was wetted with 1.0 M LiTFSI TEGDME:DOL (1:1, in volume)
electrolyte.

Results and Discussion

Nanofibrillated cellulose (NFC) based separators were prepared
by laydown method, imitating papermaking process, by using water
dispersion with paraffin oil (PO) as a pore-forming agent and Brij
C-10 as a surfactant. A homogenous and stable dispersion was pre-
pared and used for preparation of samples in the form of thin sheets
with a uniform thickness (from 28 to 62 um). Table I summa-
rizes properties (mass, thickness and porosity) of four prepared NFC
samples and compares them with a selected Celgard 2320 separa-
tor. Separators prepared by addition of paraffin oil are denoted as
NFC_xyPO, whereas separator prepared without PO additive is de-
noted as NFC_20. By increasing the mass loading, thickness and
porosity of cellulose separator increases. Latter can be attributed to
the anisotropy of long cellulose fibers which increase disorder inside
the sheet. It is important to stress that an increase of porosity has been
observed only in the case when PO was added into the dispersion
of NFC and surfactant. Obtained separator sheets without adding PO
(NFC_20) is much denser since for similar loading we obtained a
much thinner sheet with almost no porosity. That proves the active
role of PO addition during fabrication of separator sheets which helps
in the formation of the interconnected pores within the anisotropically
interconnected NFC fibers.?! Obtained porosity of NFC membranes is
comparable with Celgard separator (Table I) while thickness is higher
and that has to be further optimized in order to obtain even thinner
and uniform separators. Nevertheless, to the best of our knowledge the
reported thicknesses of self-standing NFC membranes in this study
are one of the thinnest among those reported in the literature.!”-?>%’ In-
terestingly, masses of the Celgard and the thinnest separator prepared
in our study are very similar, although the cellulose based separator
is thicker. Top down views of NFC_20PO (separator prepared with
adding PO and surfactant) and NFC_20 (separator prepared without
any additive in water dispersion) are shown in Figure 1. NFC_20PO
(Figure 1a) separator shows open pore structure with interconnected
pores in diameter between 100 nm to 1 pwm. Addition of PO and
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Figure 1. Morphology of the surface of separators prepared from water dis-
persion: a) containing NFC fiber, PO, and surfactant and b) containing only
NFC fibers.

surfactant enables formation of pores, however, some parts are still
partially closed which implies that preparation procedure is still not
fully optimized. On the other hand, the separator prepared without
additives (Figure 1b) shows a much more closed, densely packed sur-
face, without any visible macro pore structure. NFC fibers tend to
compactly collapse by capillary action during the evaporation of wa-
ter, and are fixed with strong hydrogen bonds of cellulose chains, thus
yielding dense-structured membranes.?

Cellulose is a natural polymer with high affinity for water, mean-
ing that its drying procedure is highly important for application in
batteries. In our work we have developed a standard procedure in
which NFC fibers are dried for at least 72 h at 180°C. In this way we
managed to reduce content of water in the NFC fibers below 0.2 wt%
(Figure S1). The final content of water in the NFC fibers would at the
end correspond to an increase of water content within the range of
few ppm.

Thermal stability of the separator is another crucial aspect in bat-
tery safety.?” According to the TGA analysis shown in Figure S2, the
NFC separator possesses superior thermal stability up to 250°C. Melt-
ing temperature for PE and PP is depended on the molecular weight
of the polymer (PE melting point 120-130°C, PP melting point 165—
170°C)**?* and it is lower than that for NFC membrane. From 100°C
to 250°C small weight loss (*1%) is observed due to evaporation of
trapped water inside the cellulose structure. This implied that NFC
separator possessed better thermal stability than PP/PE/PP separator.
Therefore, NFC separator has great potential in battery cells operating
at an elevated temperature.

As-prepared porous NFC membranes were cut to circular separa-
tors with a diameter of 18 mm and used in batteries without any other
separator. To investigate electrochemical stability of NFC separator
in Li-S battery cell, cyclic voltammetry (CV) was performed (Figure
S3). The CV shows no presence of additional cathodic or anodic peaks
when NFC separator is used. NFC separator is electrochemically sta-
ble in the potential window from 1.5 to 3.0 V and thus, suitable for
use in Li—S batteries. Moreover, CV curves show that NFC separator
is electrochemically stable in 1.0 M LiTFSI TEGDME:DOL (1:1, in
volume) in potential window from 0 V to 3 V and in 1.0 M LiPF; in
EC:DMC (1:1, in volume) in potential window from O V to 5 V, and
thus also suitable for other lithium metal batteries (Figure S4).

Figure 2a compares electrochemical performance of Li—S batter-
ies using NFC separators with different thicknesses and Celgard 2320
separator. In general, there is no remarkable difference in the Li—S
batteries electrochemical behavior, except in the initial cycles, which
can be ascribed to the higher amount of electrolyte stored in the NFC
based membranes. Observed Coulombic efficiencies in the first cycle
are lower for all three NFC based separators compared to the Li-S
cell with Celgard separator. This can be connected with local amount
of electrolyte since due to higher pore volume the thickest separator
has higher local amount of electrolyte which enables higher absolute
quantity of soluble sulfur species (elemental sulfur or polysulfides).
Pore volume of the thinnest NFC membrane is close to Celgard sepa-
rator and first cycle Coulombic efficiency is very close for both Li-S
batteries with NFC_15PO and Celgard separators. This result suggest
that local amount of electrolyte plays important role in the formation
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Figure 2. Electrochemical performance of Li-S batteries with different types of porous NFC separators compared to Li—S battery with Celgard separator a)
cycling performance and b) rate capability performance (performances of batteries with Celgard and NFC_20 are presented).

cycles while latter on it has almost no impact on cyclability of Li-S
batteries, if cell construction enables that electrolyte which cannot
be accommodated in the separator is in the vicinity of electrodes.
Additionally, higher absolute solubility of sulfur and polysulfides in
the locally available electrolyte enables higher initial capacity due to
higher ratio between sulfur and electrolyte. Unfortunately that leads
to faster capacity fading in the initial 20 cycles. After initial cycles,
the performance of all Li—S batteries is stabilized and shows slow
capacity fading. Nevertheless, Li—S batteries with NFC separator
show 20% higher capacity retention within the similar Li—S battery
configuration which is only different in the separator choice. Similar
difference is observed in the rate capability test (Figure 2b). A reason
for improved capacity retention could be higher amount of locally
available electrolyte. One has to consider that wettability of cellulose
fibers with electrolyte is much better and that enables better contact
between separator and composite cathode leading to better conversion
of polysulfides that were diffused out from the composite cathode.*
The wettability of NFC membrane was checked and compared with
the Celgard separator. Test showed that wettability angles are 53.9°
for Celgard separator, 32.6° for NFC_20 membrane, and 6.7° for
NFC_20PO membrane (Figure S5).

Another beneficial aspect of cellulose based separators has been
recently reported by R. Pan et al.?® who explained reduced forma-
tion of high surface area lithium (HSAL) due to better wettability
of the lithium metal surface when cellulose based separator is used.
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Using NFC separators prevents fast degradation of lithium metal and
anisotropic nature of nano fibers enables use of self-standing cellulose
based separators. In all our tests (Li—S batteries and Li-Li symmetri-
cal cells) we did not observe electrochemical signatures in the curves
characteristic for formation of dendrites. Figure 3 shows stripping
and deposition of lithium in the symmetrical cell. In the initial cy-
cles, overpotential required for stripping and deposition of lithium is
higher in the case of using NFC separator. This is most probably due
to formation of SEI through the reaction between metallic lithium
and cellulose (or residual water in cellulose) and due to creation of
ionic paths through the SEI formed between metallic lithium and
NFC separator. After the initial cycles, overpotential monotonously
increases in the first 200 h and after which the increase in the bat-
tery cycled with Celgard separator is exponential, while in the battery
with NFC_20PO remains almost constant for 500 h. The observed
difference in the overpotential increase during stripping and depo-
sition process is connected with the restructuring of lithium surface
and formation of HSAL. In each cycle, a part of lithium is exposed
to the electrolyte and needs to be protected by fresh passive film.
Due to constant passivation, electrolyte quantity in the testing cell is
highly important since in each cycle a small amount of electrolyte is
consumed leading to cell dry out.' Another process is formation of
HSAL and potential dendrite formation causing safety issues. Differ-
ences in the polarization observed in the Figure 3a are visualized in
Figure 3b and Figure S6, where SEM micrographs of pristine lithium

NFC separator

Figure 3. Comparison of the stripping and deposition in the symmetrical Li||Li cells employing NFC_20PO and Celgard separators; a) continuous time limited
stripping and deposition profiles at constant current; b) characteristic morphology of lithium before cycling and after 500 h of cycling for WE faced to NFC_20PO

or Celgard separators.
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Figure 4. FIB-SEM pictures of lithium anode morphology after cycling for
500 h; a) surface of lithium WE faced to Celgard 2320 separator, b) cross-
section of lithium WE faced to Celgard 2320 separator; c) surface of lithium
WE faced to NFC separator; d) cross-section of lithium WE faced to NFC
separator.

surface and post mortem lithium surfaces after 200 h and 500 h of
cycling are shown. Electrodes, which served as working electrodes,
i.e. electrodes where in the first cycle stripping of lithium was initially
started, show remarkable difference in the surface morphology. Most
of the surface which was faced to the NFC separator is smooth; almost
without any formation of HSAL as observed in the upper-right corner.
Visual inspection suggests that lithium dendrites are not intergrown
into the NFC based separator. Quite opposite is the morphology of
lithium electrode which was faced to the Celgard separator. Visually
the surface of lithium anode was corroded and from SEM micro-
graph we can see that it is completely covered with HSAL, typical for
non-homogenous lithium deposition onto conductive surface.

Depth profile of lithium morphology after cycling for 500 h was
checked with FIB-SEM (Figure 4). Similar as observed in the Figure
3, top down view obtained by FIB-SEM (Figures 4a and 4c) shows a
difference in the morphology of the deposited lithium. The morphol-
ogy of lithium deposited in the presence of the Celgard separator is
very rough (Figure 4a) confirming mainly formation of HSAL, while
the morphology of lithium deposited in the presence of NFC separator
(Figure 4c) is much more homogenous with small islands of HSAL.
Cross section view prepared by FIB SEM is shown in the Figures 4b
and 4d. As expected and communicated also in our previous work,
bulk of non-protected lithium electrode after long cycling becomes
nanostructured with many pores.*> Figure 4b shows cross section of
lithium electrode which was cycled for 500 h in a symmetrical cell
with Celgard separator. HSAL can be visualized very deep in the
bulk (porous structured lithium was observed deeper than 10 pwm).
Although lithium cycled in the presence of NFC separator exchanged
same amount of charge, only few spots of HSAL can be visualized
on the surface and as it can be observed in Figure 4d, the formation
of HSAL is shallower. From observed differences we can conclude
that there is an obvious difference in the morphology of deposited
lithium on the lithium surface in the presence of NFC separator com-
pared to the passivation when polyolefin based separator is used in
the symmetrical cell.

To better understand differences leading to remarkable change in
the mechanism of lithium surface passivation we performed XPS anal-
ysis. Sets of two symmetrical cells for each battery configuration were
cycled for 50 h and for 500 h, disassembled and we analyzed the sur-
face of the working electrode facing Celgard 2320 or NFC separators
by XPS. O 1s, F Is, N 1s and S 2p spectra are shown in Figure 5. Addi-
tional spectra (survey spectra, C 1s and Li 1s core peaks) are provided
in Figure S7. O 1s spectra gather signals coming from all oxygenated
species at the surface, including Li,CO; at 531.8 eV (already observed
at the surface of pristine lithium, see corresponding XPS spectra in
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Figure S8) and remaining salt traces (-SO,- groups) at ~533 eV. An-
other O 1s peak is detected at low binding energy (528.8 eV), which
can undoubtedly be assigned to Li,O. F 1s and N 1s spectra display the
same level of information with two peaks, one at high binding energy
(688.6 eV for F 1s,399.6 eV for N 1s) attributed to remaining LiTFSI
salt at the surface, and another one at low binding energy (685.0 eV for
F 1s,397.6 eV for N 1s) indicating the presence of degradation species
of the salt (fluoride LiF and nitride LiszN, respectively), resulting from
salt reduction at the lithium surface. Concerning S 2p spectra, they
have to be fitted with 2p;,-2p;» doublets separated by 1.2 eV with
2/1 intensity ratio due to spin-orbit coupling. The main doublet with
2p3, component at 169.1 eV is the signal of LiTFSI (S*V! oxidation
state). The three additional doublets (2p;;, at 167.5 eV, 163.5 eV and
161.5 eV) are attributed to sulfur degradation species from the salt
(labelled SDS in Figure 5d). The first one at 167.5 eV corresponds to
sulfites STV, the two following at 163.5 eV and 161.5 eV correspond
to reduced sulfur species originating from salt reduction at the lithium
surface. >3

The evolution of measured amounts of Li,O and other salt degra-
dation species (Li3N, LiF and sulfur degradation species) is reported
in Figure 5e after 50h and 500h of cycling for the two kinds of sep-
arators. The relative amounts of Li,O compared to other salt species
are higher with NFC separator than with Celgard separator, which
allows us to assume that Li,O is formed by another mechanism than
salt reduction in the case of NFC separator. It can be explained by the
reaction between hydroxide groups or trapped water in the cellulose
fibers and the metallic lithium surface, leading to higher amount of
Li, O at the surface. For NFC separator, the amounts of Li, O and other
salt degradation species are high after 50h of cycling but decrease after
prolonged cycling (500h), while for Celgard, the amounts of Li, O and
other salt degradation species are much lower after 50h of cycling but
increase significantly after 500h. This allows us to assume that these
species observed at the surface of lithium are mainly due to the initial
reaction of the lithium surface with the separator in the case of NFC,
while they are mainly due to Li stripping/deposition process during
cycling for Celgard.

Based on the changes of the surface morphology (formation of
HSAL) and the amounts of Li,O and other salt degradation species,
we propose that Li,O participates in the passivation of the surface of
lithium as an effective electronic insulator. Fresh lithium cannot be de-
posited directly on the surface due to more dense surface coverage with
Li,O and it has to diffuse below passive film.*> Such mechanism also
explains slightly higher polarization in the formation cycles although
one would expect lower polarization due to better wettability of the
electrodes with electrolyte. Opposite to the formation of the passive
film on the lithium in the presence of NFC separator is formation of
passive film in the presence of Celgard separator. Here the quantity of
detected Li,O is lower and consequently also the coverage density is
not complete, what influences formation of good ionically conductive
and electronically resistive passive film. Fresh, non-protected, elec-
tronically conductive surface can serve as an active surface for growth
of HSAL which needs to be passivated leading to constant consump-
tion of the electrolyte. Since the quantity of electrolyte is constant
that leads to battery dry out and consequently to higher polarization
during cycling.

In order to understand differences in the polarization we have per-
formed a systematic electrochemical impedance spectroscopy (EIS)
study (Figure 6). Before stripping and deposition, the cells were first
left to stabilize for a period of 48 h. EIS spectra during this stabi-
lization are shown in Figure S9. After 48 h, stripping and deposition
experiment was conducted in such a way, so that after each cycle the
cell impedance spectrum was measured. As already mentioned in the
stripping and deposition experiment analysis, higher initial overpoten-
tial (also evident in Figures 6a and 6¢, black curve) required in the case
of NFC separator is attributed to the formation of passive film. This
deduction is supported by the comparison of cell impedance before
cycling (Figures 6b and 6d, black spectra), since the high frequency
arc (peak frequency 250 to 500 Hz) corresponding to the migration of
Li* through the SEI is larger with NFC separator (300 €2) than with
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Celgard separator (200 €2). This is also in good agreement with the
initial reaction of hydroxide groups or water trapped in the cellulose
and the lithium surface, as deduced from XPS measurements. Further
cycling with Celgard separator reveals potential transients with two
local maximums and two different potential plateaus. This shape is
well known in the literature**” and can be associated with initial dis-
solution of lithium from formed dendrites and subsequent pitting and
dissolution from bulk Li. The measured impedance spectra also ver-
ify that Li stripping and deposition with Celgard separator proceeds
through formation of large quantities of HSAL. Namely, a decrease
in the high frequency arc, corresponding to an increase in the surface
area is visible, as well as transport difficulties through the porous
and/or dead Li deposits. This is seen as an increase in the low fre-
quency diffusion and high frequency migration contribution (compare
the spectra on Figure 6b and on its insert). Due to these effects, with
further cycling, the overpotential of the cell with Celgard separator
increases above the overpotential of the NFC separator cell (Figure 6a,
6¢). In the latter cell, both the potential transients and the impedance
spectra measured are very stable (Figures 6c, 6d). The potential shows
a uniform plateau, indicative of smooth deposition of Li beneath the
SEI surface layer. With time, the overpotential slightly decreases,
which we attribute to the formation of a few HSAL islands at points
where SEI stability was poor (see Figure 4c). By the 25" cycle of
stripping and deposition, spikes appear in the potential curves for the
cell with Celgard separator, which are attributed to micro short circuits
and indicate cell failure. In summary, EIS validates that when NFC
separator is used, HSAL formation is hindered. Furthermore, with the
use of cellulose based separator the stability of the cell regarding the
tendency to exhibit short circuits is improved.

Conclusions

Nano-fibrillated cellulose has many outstanding properties such
as large surface area, easy modification, biodegradability, good me-
chanical properties and chemical durability. Nano-fibrillated cellulose
separator with tuneable thickness and porosity was successfully de-
veloped in this work. Compared to a commercial polyolefin separator,
the NFC separator displays good wettability and better electrolyte
uptake and, consequently, improves the Li—S battery performance
and rate capability. Moreover, due to unique morphology and inter-
play between lithium metal and cellulose, usage of NFC separator
hinders formation of high surface area lithium (HSAL) and, in that
way, reduces the degradation of lithium metal anode. These excel-
lent properties make NFC separator promising battery material for
next generation, high energy density lithium-sulfur and other lithium
metal batteries.
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